Obesity, diabetes, hypertension, and heart disease are highly heritable conditions that in aggregate are the major causes of morbidity and mortality in the developed world and are growing problems in developing countries. To map the causal genes, we conducted a population screen for these conditions on the Pacific Island of Kosrae. Family history and genetic data were used to construct a pedigree for the island. Analysis of the pedigree showed highly significant heritability for the metabolic traits under study. DNA samples from 2,188 participants were genotyped with 405 microsatellite markers with an average intermarker distance of 11 cM. A protocol using LOKI, a Markov chain Monte Carlo sampling method, was developed to analyze the Kosraen pedigree for height, a model quantitative trait. Robust quantitative trait loci for height were found on 10q21 and 1p31. This protocol was used to map a set of metabolic traits, including plasma leptin to chromosome region 5q35; systolic blood pressure to 20p12; total cholesterol to 19p13, 12q24, and 16qter; hip circumference to 10q25 and 4q23; body mass index to 18p11 and 20q13; apolipoprotein B to 2p24 -25; weight to 18q21; and fasting blood sugar to 1q31-1q43. Several of these same chromosomal regions have been identified in previous studies validating the use of LOKI. These studies add information about the genetics of the metabolic syndrome and establish an analytical approach for linkage analysis of complex pedigrees. These results also lay the foundation for whole genome scans with dense sets of SNPs aimed to identifying causal genes.
Obesity, diabetes, hypertension, and heart disease are highly heritable conditions that in aggregate are the major causes of morbidity and mortality in the developed world and are growing problems in developing countries. To map the causal genes, we conducted a population screen for these conditions on the Pacific Island of Kosrae. Family history and genetic data were used to construct a pedigree for the island. Analysis of the pedigree showed highly significant heritability for the metabolic traits under study. DNA samples from 2,188 participants were genotyped with 405 microsatellite markers with an average intermarker distance of 11 cM. A protocol using LOKI, a Markov chain Monte Carlo sampling method, was developed to analyze the Kosraen pedigree for height, a model quantitative trait. Robust quantitative trait loci for height were found on 10q21 and 1p31. This protocol was used to map a set of metabolic traits, including plasma leptin to chromosome region 5q35; systolic blood pressure to 20p12; total cholesterol to 19p13, 12q24, and 16qter; hip circumference to 10q25 and 4q23; body mass index to 18p11 and 20q13; apolipoprotein B to 2p24 -25; weight to 18q21; and fasting blood sugar to 1q31-1q43. Several of these same chromosomal regions have been identified in previous studies validating the use of LOKI. These studies add information about the genetics of the metabolic syndrome and establish an analytical approach for linkage analysis of complex pedigrees. These results also lay the foundation for whole genome scans with dense sets of SNPs aimed to identifying causal genes.
LOKI ͉ quantitative trait locus ͉ Syndrome X T he metabolic syndrome (also known as Syndrome X) includes central obesity, insulin resistance, hypertension, and dyslipidemia, all of which are risk factors for diabetes and vascular heart disease (1) . In aggregate, these disorders represent major causes of morbidity and mortality in industrialized countries and are growing problems in the developing world (2) . Familial aggregation, adoption, twin, and segregation analysis studies all indicate that the component disorders of Syndrome X are highly heritable with substantial genetic effects, interacting with environmental factors, leading to the development of disease. Although the genes for uncommon monogenic forms of obesity, insulin resistance͞ diabetes, hypertension, and dyslipidemia have been identified, these gene variants do not account for most of the heritability of these conditions in the general population. Although linkages to various chromosomal regions have been reported for these disorders in the general population, further studies will be necessary to identify the causal genes (3) (4) (5) . Genetic heterogeneity and͞or allelic variation may contribute to the difficulty in identifying these genes, a possibility that can be mitigated by studying the genetically isolated population of the Pacific Island of Kosrae, Federated States of Micronesia.
In 1994, working with the Department of Health on Kosrae, we initiated a genetic epidemiologic study of the metabolic syndrome with the hypothesis that the reduced genetic complexity of this population isolate would facilitate disease gene mapping. Kosrae was settled by a small number of founders Ϸ2,000 years ago, and there have been numerous bottlenecks since the time. These bottlenecks include typhoons and the introduction of communicable diseases by whalers in the 19th century. After World War II, the United States supplied aid to Micronesia in the form of high-fat and high-salt Western foods (6) (7) (8) (9) .
Before this time the population subsisted by fishing, foraging, and some farming, and they were not noted to be especially obese. Coincident with this change in lifestyle and environment on Kosrae, the prevalence of obesity and other metabolic diseases increased in a manner similar to other native populations, such as the Pima Indians of Arizona and the Nauruans of Oceania (10, 11) . However, only a subset of the Kosraen population suffers from the component disorders of the metabolic syndrome, thus providing an opportunity to study the basis for gene-environment interactions leading to metabolic disease.
In this population-based screen, a series of quantitative and qualitative traits relevant to the metabolic syndrome were collected from 2,188 individuals, and DNA from these participants was genotyped for 405 microsatellite markers. Linkage analysis of the Kosraen population was performed by using LOKI (http:͞͞ loki.homeunix.net), an analysis program that uses Markov chain Monte Carlo sampling. LOKI performs linkage analysis by using oligogenic quantitative trait locus (QTL) models and produces estimates of the best trait model, most likely location of linked QTLs, and the percentage of variance in the trait explained by each QTL (12) . LOKI was used because linkage analysis of quantitative traits with covariate corrections in a large pedigree is computationally difficult, and most other analysis programs require that the pedigree be split into multiple subpedigrees, reducing the power to detect linkage. Here, we report the map locations for a number of loci segregating with stature and a series of metabolic traits in the Kosraen population. completed medical and family questionnaires and had a physical examination and phlebotomy. The questionnaire noted the participant's gender, family data, smoking status, village, age, and health status. Physical exams included measures of height (HT) and weight (WT), also used for BMI calculation, hip circumference (HIP), waist circumference (WST), fasting blood sugar (FBS), diastolic blood pressure (DBP), and systolic blood pressure (SBP), both also used for calculating mean arterial pressure. DNA was extracted from whole blood, and plasma concentrations for leptin (LEP), total cholesterol (TC), triglyceride (TG), apoA-I, and apoB were measured. To develop trait models for genetic analyses, environmental covariate effects (gender, parity, smoking status, village of residence, and age) were calculated for each trait by regression analysis. The clinical data were corrected for these covariates in the subsequent analyses.
A pedigree was constructed from the family data, genealogical records, and meetings with village elders. The pedigree includes 2,286 individuals, including 1,564 study participants, and traced back five generations. The average sibship size was four, with a range of 1-12 children. The pedigree included 110 loops, mostly marriage loops. The inbreeding coefficient for all individuals was zero except for one individual (0.008). Relationship errors were identified by using initial marker genotypes, and 55 modifications were made to the constructed pedigree before trait analysis.
Genome Scan. A set of 405 microsatellite markers, assembled in 39 panels, was developed based on the Marshfield 9 screening set (www.marshfieldclinic.org͞research͞genetics). The 1,564 study individuals in the pedigree were genotyped by using the modified versions of the Marshfield panels. (Marker information and panel configurations are available from the authors upon request.) Marker statistics were as follows: average number of genotypes per marker was 1,453 (range 951-1,564), average genotyping (Mendelian) error 0.49% (range 0-2.2%), and average heterozygosity 0.67 (range 0.12-0.9). This error rate was similar to other studies, and heterozygosity was slightly less than that reported for Caucasian populations.
We used 360 of the 380 autosomal markers in the initial analysis for an average autosomal map density of 10 cM, with three gaps of Ͼ12 cM (due to removal of markers with high error rates). The other 20 markers were added subsequently to reduce the size of the gaps.
Genetic Analysis of Stature Using LOKI. Although LOKI has been used on simulated data from the Genetic Analysis Workshop 12 (13) and with real data sets (14) , it has not been used to analyze a complex pedigree such as that on Kosrae. To develop a strategy to use LOKI for quantitative trait analysis of the Kosrae pedigree, we focused on HT as a model complex trait. HT is a highly heritable oligogenic trait with clear covariate effects (e.g., childhood nutrition) (15, 16) . HT was chosen because it is an extremely robust measure that can be determined precisely and reproducibly and does not change significantly after adulthood. In Kosrae, the heritability of HT was 0.64 after covariate correction (calculated using MORGAN). This result is similar to that reported in other populations and suggests significant genetic loading (17) . Segregation analysis showed four to six major genes, each explaining 5-25% of the trait variance, and a polygenic effect (calculated by using LOKI). Thus, a number of genes for HT, with large effect sizes, appeared to be segregating in the Kosraen population.
LOKI results are reported as L-scores, which, as estimates of the Bayes factor, show the ratio between the probability that a QTL signal is ''real'' and that it is due to chance alone. An L-score of Ն 20 indicates strong evidence for linkage, as suggested by Bayes factor calibration tables (18) . However, L-scores can vary in repeated analyses because of differences in sampling, mixing, or convergence, and the magnitude of the L-score at a real locus can differ with model changes. Previously, LOKI was used to analyze a simulated data set by employing a hierarchical scheme to identify the most likely trait loci (13) . This approach was adapted for the analysis of the Kosrae data set as follows: (i) Initial genome scans were performed on a sample subset (1,102 individuals) with two trait models, 1 or 2 chromosomes at a time, with and without a polygenic effect being factored into the analysis; (ii) reanalysis of regions with L-scores Ն10 on the complete sample set (1,564 individuals), with additional markers; (iii) joint analysis of chromosomes with strong linkage regions on the complete sample (to identify possible interactions among loci); (iv) inspection of Lgraphs for peak localization and shape; and (v) estimation of QTL parameters.
HT was analyzed in this fashion by using two trait models: Model.HTA, with corrections for gender, parity, smoking, age, and LEP (which mapped to the same region on chromosome 5; see below), and Model.HTB, with corrections for those covariates and additional quantitative traits (WT, HIP, WST, FBS, DBP, SBP, TC, TG, apoA, and apoB). We included Model.HTB because HT correlated with most of the metabolic traits and clustered with an obesity͞diabetes factor identified by using principal component analysis (19) . This new factor had the following significant loadings: HT (0.3942), LEP (0.6708), WT (0.8086), WST (0.8247), HIP (0.8782), and TG (0.2600). Using models with corrections for correlated metabolic traits (such as Model.HTB) can have two outcomes. In one scenario, these corrections reduce the trait variance, enabling identification of QTLs not identified with the simpler model (or that were identified but with lower L-scores). Alternatively, if a QTL influences the trait through its interaction with other related traits, when these traits are ''corrected out'' and this QTL might no longer be evident. Thus, we might expect different models to result in both overlapping and nonoverlapping loci. Model.HTA has corrections for age, gender, parity, smoking, and leptin levels, and Model.HTB has the same corrections as A and for WT, HIP, WST, FBS, blood pressure, TC, TG, apoA1, and apoB. L-scores Ն 20 are in bold, and L-scores Ն 10 are in italics. Chr., Chromosome.
at 171.5 cM), and 15 (43.7 at 115.5 cM), and one suggestive L-score (Ն 10) on chromosome 19 (10.8 at 40.5 cM). When polygenes were included in the model (polygenic effect), the scores decreased but remained high on chromosomes 1 (20 at 104.5 cM) and 5 (21.1 at 164.5 cM). Model.HTB identified two loci with strong linkage evidence, on chromosomes 1 (37.9 at 107.5 cM) and 10 (124.6 at 88.5 cM), and a suggestive signal on chromosome 18 (10.1 at 29.5). As noted above, the observation that different models yield different results is not unexpected. These chromosomes then were reanalyzed on the entire pedigree ( Table 2 The results of the joint analyses (j appended to model name) for chromosomes 1, 5, and 19 (using Model.HTA) and chromosomes 1 and 10 (using Model.HTB), without or with a polygenic correction (p appended to model name) are shown in Table 3 The linkage regions for HT and the percent variance attributable to these loci are summarized in Table 4 . The chromosome 1 locus was consistently found with both models, in joint analysis and with the polygenic correction, with very similar chromosomal locations (Fig. 1 A) . This finding strongly suggests that there is a HT locus on Kosrae on chromosome 1. The chromosome 10 locus was identified by using Model.HTB (Fig. 1B) , which suggests a QTL for HT, without metabolic trait interactions. This locus had extremely high L-scores, which increased with joint analysis and correction for a polygenic effect. This result further demonstrates that reduction of nonmajor gene variance by accounting for (i) major genes on other chromosomes and (ii) residual genetic effect (polygenes) enhances the ability to map genes.
The other loci are provisional. Chromosome 5 was consistently found for Model.HTA, with similar scores in joint analysis and including the polygenic effect. However, the scores were of borderline strength and showed a split peak (Fig. 1C) , potentially revealing a problem with the model. Chromosome 19 also was identified by using Model.HTA, but the statistical support was strongest only when the entire cohort was analyzed. The L-scores decreased with joint analysis and polygenic effect, and the signal was poorly localized and also split on a marker (Fig. 1D) . Chromosome 15 was only found by using Model.HTA without LEP; the L-scores were low and decreased with the polygenic effect, and mapped off the end of the chromosome (Fig. 1E) . Nonetheless, all five HT loci were also found in other studies (see Table 4 and Discussion), validating the analytical approach. Further studies, with additional markers and alternative analytical approaches, are needed to establish whether these loci are reproducible. If true, these results would suggest that LOKI is quite sensitive.
Familial Aggregation of the Metabolic Syndrome Traits. Significant heritability (h 2 ) was seen for all metabolic traits after covariate correction, as calculated by using the MORGAN package (Table 5) . Table is comparing analysis of the initial sample set (1,102 samples, as reported in Table 1 ) with analysis using the whole pedigree (1,564 samples) . L-scores Ն 20 are shown in bold. Chr., chromosome. Joint chromosome analyses (''j'' denotes joint analysis; ''p'' includes polygenic effect) for two height models (see Table 1 ), using the whole pedigree. L-scores Ն 20 are shown in bold. Chr., chromosome. For each locus, the linkage region (''range''), percent genetic and total trait variance explained by that QTL, and other studies that identified the same region are shown. The percent variance is shown as a range, because in each LOKI iteration the result may be slightly different.
This finding suggests strong genetic effects on these traits in the Kosraen population, with similar heritabilities to other family studies (24) (25) (26) . Segregation analyses (using LOKI) of particular trait models suggested that a significant percent of trait variance was attributable to major genes, ranging from 78% (WT) to 16% (SBP), with at least one major gene for each trait, and Ϸ14-32% total trait variance explained by the largest QTL (Table 5) . With the suggestion of major genes, we applied the analytical approach used to map HT loci to map QTLs segregating the Kosrae population for a series of metabolic traits. As above, in each case we analyzed a number of models. When different models resulted in signals at the same locus, we used the model with the strongest support for further analysis; in the other instances, all trait models were used. The most likely loci are described below and reported in Table 6 . Strong Evidence for Linkage. After correction for environmental and other metabolic covariates, QTLs on chromosomes 18 and 20 were found for BMI (h 2 ϭ 0.45). The chromosome 18 locus was found consistently and increased in the joint analysis (L-score 49.0). A diffuse peak was split over marker GATA88A12 (Fig. 2 A) , peaked at 16.5 cM͞D18S967, and explained 30-70% of the genetic and 15-30% of the total variance. The chromosome 20 L-score was lower and decreased in repeat and joint analyses.
QTLs on chromosomes 10 and 4 were found for HIP (h 2 ϭ 0.45), corrected for all covariates. The chromosome 10 signal was found consistently in repeat and joint analyses, with L-scores of 20-50, and overlapped with a low signal (L-score 9) in the same region for WT. The HIP peak mapped directly on D10S1817 at 135.5 cM and explained 50-70% of the genetic and 10-20% of the total variance. The chromosome 4 locus was less robust for the original and joint analyses. One borderline signal was found for WT (h 2 ϭ 0.53) corrected for all covariates, on chromosome 18. Analysis of plasma LEP (h 2 ϭ 0.20) resulted in one robust signal on chromosome 5, which was consistently found by using several models and in joint analysis. Several of these models are shown in Fig. 2B and show the differences in signal strength and peak shape for different trait models. This linkage peak was at 183.5 cM, close to D5S211, and explained 20-100% of the genetic and 10-25% of the total variance. For diabetes traits, a borderline signal (L-score 20) was found for FBS (h 7 ϭ 0.24) on chromosome 1 but was poorly localized.
In analyses of hypertension, a signal for SBP (h 2 ϭ 0.25), corrected for environmental covariates, was identified on chromosome 20 (L-score 142.5). This locus was consistently found, although the score fell slightly in repeat analyses, possibly because of sampling variation. The signal was tightly localized on GATA81E09 at 32.5 cM (Fig. 2C) and explained 30-50% of the genetic and 15-20% of the total variance. Initially, this locus mapped off the end of the chromosome, near a signal for MAP. When GATA81E09 was added and the whole pedigree was analyzed, the linkage peak was localized to its current position.
The only significant scores for MAP (h 2 ϭ 0.26) were on the end of chromosome 2 (as above) where it was correlated with SBP ( Fig.  2C) , and at the end of chromosome 9. DBP (h 2 ϭ 0.29) similarly mapped to the ends of chromosome 9, suggesting a blood pressure locus that was diffusely localized in this region.
Analysis of apoB (h 2 ϭ 0.31) corrected for all covariates identified one QTL (L-score 37.0) on chromosome 2. This locus showed a narrow peak at 32.5 cM, between D2S1400 and D2S1360, and explained 40-60% of the genetic and 20% of the total variance. This region also had suggestive signals for MAP, SBP, and the BP factor and is close to the apoB gene. Three loci were found for TC (h 2 ϭ 0.41), by using two models. TCA (corrected for environmental covariates) revealed one locus on chromosome 12 (32.0). This linkage peak was found consistently over many analyses, with higher scores for joint chromosome analysis. It overlapped with a signal for a dyslipidemia factor, previously identified by using principal component analysis, suggesting important quantitative trait correlations (19) . This locus was not found by using TCB, possibly because it is ''corrected out'' by the related traits that are included in this model. However, QTLs were found on chromosomes 19 and 16 for TC, by using TCB (corrected for all covariates). The chromosome 19 locus (68.2) was consistently seen with the polygenic correction and in joint analysis (Fig. 2D) . It mapped at 46.5 cM, between D19S714 and D19S250, and explained 40-50% of the genetic and 20-30% of the total variance. This linkage region is close to apoE, a gene known to affect TC levels in many populations and in Kosrae (57) (58) (59) . We went on to account for a possible apoE effect by calculating the trait means for each genotype (e2, e3, e4) in the trait logistic regression and reanalyzed this model multiple times. L-scores were more stable with this correction (data not shown), suggesting that the causal gene is distinct from apoE and that reducing genetic variance from apoE makes the mapping of this distinct QTL more robust. ApoB had a suggestive For each trait, heritability (h 2 ), or percent trait variance due to genetic effects, is shown in column 2. Columns 3-5 show the results of the segregation analysis, averaged over all iterations: number of QTLs, percent variance due to all QTLs, and percent variance due to the QTL with the largest effect. *Log transformed. The chromosome, signal location (peak location and extended linkage range in cM), percent of genetic and total trait variance, and other genome scan studies that found this region for the same or related traits are shown.
signal at this locus. Although the linkage peak on chromosome 16 (24.4) was consistently found, with similar scores for multiple and polygenic analyses, and overlap with signal for the dyslipidemia factor, it mapped to the extreme end of the chromosome.
Discussion
Here, we report the results of an initial genetic analysis of stature and components of the metabolic syndrome on the Pacific Island of Kosrae and show evidence for linkage to a number of relevant traits. Most of the adult population participated (2,188 individuals) in a 1994 genetic study, revealing a high prevalence of obesity, diabetes, hypertension, and dyslipidemia (19) . The heritability of traits related to these conditions was determined from a comprehensive pedigree of the population, and the impact of environmental factors has been assessed. In addition, possible confounding effects of uncorrected environment covariates are mitigated by the similar lifestyle that most people on Kosrae share. These studies add useful information about the genetics of stature and the metabolic syndrome and further describe an analytical approach using LOKI for identifying QTLs in large, complex pedigrees.
Linkage Analysis Using LOKI. We used LOKI to identify loci contributing to variance in stature and metabolic quantitative traits in the Kosrae Study. The Genetic Analysis Workshop 10 recommendations, which suggested maximizing power to identify complex trait genes by multipoint analysis of quantitative traits, with corrections for covariates, in large, extended pedigrees, informed our analysis of this data set (60) . However, because of computational difficulties, linkage methods cannot be used on a pedigree of the size and complexity of the Kosrae pedigree. In contrast, sampling-based approaches are able, in theory, to perform linkage analysis without simplifying either the model or the pedigree.
LOKI is a Markov chain Monte Carlo linkage analysis method that samples from all possible complete data states, with the most probable states more likely to be sampled. This program can handle missing data and allows for multilocus inheritance models (61) . LOKI has been previously validated in analyses of simulated data sets in Genetic Analysis Workshop 12 when it correctly identified QTLs as well as or better than other programs (13) . For comparative analyses with other programs, see Cheng et al. (62) and Pankratz et al. (63) . LOKI also performed as well as SOLAR in identifying linkage regions for apoliprotein B (apoB) levels (14) . However, although LOKI has been able to identify loci in simulated and real data sets, computational limitations associated with this sampling method limit the ability to directly correlate L-scores to P values or logarithm of odds scores. Thus, the loci identified in this work represent candidate regions that will need to be further evaluated. One way of addressing this challenge would be to generate LOP scores, which are the ratio of the logarithm of two L-scores (posterior probability of linkage), one for the chromosome being tested and a second for an unlinked pseudochromosome (64) . Thus, LOP scores relate the L-score to a negative locus as compared with LOKI (which relates the signal to randomness) and thus provide an output more easily related to a P value. A more definitive way of pursuing the LOKI peaks would be to use dense marker sets and other analytical approaches such as transmission disequilibrium test or sib pair analyses. This approach will allow us to better understand the robustness of a particular L-score in predicting the location of a true rather than false-positive locus.
We refined the analytic protocol used in Genetic Analysis Workshop 12 by analyzing height (HT) (a model complex trait, influenced by multiple interacting genes and early environmental effects, with little measurement error) and then used this protocol to analyze metabolic syndrome traits. This procedure enhances the power of LOKI to detect real linkage and prioritizes QTLs for follow-up studies. Our results replicate linkages from other studies, further validating this approach.
Replication of Linkage Regions. Two robust QTLs for HT were found on 10q21 and 1p31, and three less robust signals were found on 5q34, 19p13, and 15q26. These loci were identified previously in Caucasian populations, and these studies now provide an opportunity to assess whether Caucasian variants increase HT, because Micronesians are generally shorter than Caucasians (see Table 4 ) (17, (20) (21) (22) (23) .
The following loci were identified for traits associated with the metabolic syndrome (listed in order of priority): serum leptin (LEP) on 5q35, systolic blood pressure (SBP) on 20p12, total cholesterol (TC) on 19p13, hip circumference (HIP) on 10q25, body mass index (BMI) on 18p11, TC on 12q24, apoB on 2p24-25, HIP on 4q23, TC on 16qter, BMI on 20q13, weight (WT) on 18q21, and fasting blood sugar (FBS) on 1q31-1q43. All of the results confirm linkage regions from previous studies, except TC on 16. In Caucasian populations, obesity traits mapped to the same regions on chromosome 5 (27) (28) (29) (30) , on chromosome 10 (28, 29), on chromosome 20 (3, 23, (43) (44) (45) , on chromosome 18 [both the BMI region (29, 40) and the WT region (29, (46) (47) (48) ], and on chromosome 4 (65) . Diabetes traits produced signals on chromosome 1q in a region that has been implicated by many studies, including Caucasian, American Indian, and Asian populations (49) (50) (51) (52) (53) (54) (55) (56) . Hypertension traits mapped to chromosome 20 in Caucasian and mixed Caucasian͞American Indian populations (31) (32) (33) (34) . Dyslipidemia traits localized to chromosomes 19 (14, (35) (36) (37) (38) and 2 (36, 41, 42) in studies of Caucasian and American Indian populations, whereas chromosome 12 was found in a Caucasian population (37) .
Gene Mapping in Kosrae. Most of the loci identified in this work were previously found in Caucasian cohorts, and it is possible that the same alleles are relevant in both Micronesians and Caucasians. Alternatively, it may be that we identified loci with susceptibility alleles of Caucasian origin in the Kosrae population (resulting from Caucasian admixture). However, recent data analyses of Y chromosome and mitochondrial haplotypes and a structure analysis of select microsatellite markers indicate that the rate of admixture is relatively low (J.M.F., M.S., J.L.B., P. Bonnen, I. Peer, and D. Altshuler, unpublished data). This finding suggests that the same susceptibility loci are segregating on Kosrae as in other populations. In some cases the segregation of Caucasian alleles or chromosomal segments also may contribute to phenotypic differences. For example, because of the typically short stature of native Kosraens, we might expect that the inheritance of tallness would be of Caucasian origin, whereas those with the opposite effect might be of Micronesian origin.
The ultimate goal of these studies is to identify the causal genes for a series of metabolic traits. Although we might consider compiling dense maps around each of the peaks reported here individually, it is more efficient to employ a whole-genome approach. Recent data have indicated that the SNPs on the Affymetrix 100 K arrays are highly informative on Kosrae and that extended linkage disequilibrium and reduced haplotype diversity significantly reduce the number of SNP markers needed to sample a significant fraction of the genome. Thus, with existing technology we should be able to sample a significant fraction of the genome in the Kosrae cohort and test the possible contribution of SNPs in regions of the genome reported here, or other regions, by using sib pair analysis, transmission disequilibrium test or other complementary analytical approaches. Analysis of the Kosrae pedigree has identified 4,584 sibpairs and 885 two-parent trios, suggesting that there should be sufficient power to fine map metabolic disease on Kosrae.
In conclusion, we developed a protocol for using LOKI to analyze data from a complex pedigree and used it to identify quantitative loci in the Kosraen population. Similar regions of linkage have been reported in studies of stature and metabolic syndrome disorders in other populations. These results suggest that further genetic analysis of the Kosrae cohort is likely to yield important results. Future studies should seek to establish the population origins of the contributing haplotypes and to facilitate ultimate identification of causal genes and alleles. The Kosrae study provides a potentially powerful data set to identify causative genes for complex traits and disorders with clinical implications.
Methods
Data Collection. The data collection and phenotype definitions for the Kosrae study of the metabolic syndrome are described in Shmulewitz et al. (19) and are summarized below. The Rockefeller University Institutional Review Board and the Kosrae Department of Health approved this study. All 2,188 participants signed the informed consent before filling out family and medical questionnaires. The pedigree was constructed from the questionnaires, family visits, and genealogical records.
HT, WT, waist (WST), and HIP circumference, FBS, diastolic blood pressure (DBP), and SBP were measured. BMI was calculated as WT (kg) divided by HT squared (m 2 ). The average of three DBP and SBP measures was used in the analysis. Mean arterial pressure (MAP) was calculated as DBP ϩ ([SBP Ϫ DBP]͞3). Blood was drawn for DNA isolation and for determination of LEP, TC, triglycerides (TG), and apoA-I and apoB. LEP levels were determined by RIA (Linco Research, St. Louis, MO), TC and TG by enzymatic colorimetric measurements (Boehringer Mannheim and Sigma), and apoAI and apoB by a double-antibody immunoassay technique. LEP, FBS, and TG were natural log transformed before analysis, and diabetics were excluded from FBS analysis.
Genotyping. Genomic DNA was isolated from blood as described in ref. 66 . A total of 1,564 samples were genotyped for the entire genome scan marker set at the Genotyping Core Facility at The Rockefeller University. We modified the Marshfield marker set 9 by replacing Ϸ100 markers, to develop a marker set more suitable for a non-Caucasian population. Markers with low heterozygosity, poor amplification, or high error rates in the Kosrae population were replaced. We added markers in chromosomal regions with gaps of Ͼ12 cM. Forty percent of the markers had alleles not found in the Centre d'Etude Polymorphisme Humain reference population. Therefore, we set up our own panels to allow for multiplex gel loading. Details of the screening set, panels, and genotyping protocol are available from the authors upon request.
We used the Applied Biosystems GENOTYPER program to score the genotypes. The templates were user-defined with the identity (size) of each marker's alleles, and the fluorescent dye; alleles were labeled automatically on the basis of these parameters. Two investigators independently checked the allele calls. Each plate had four Centre d'Etude Polymorphisme Humain controls; if any of these controls had incorrect genotypes, the genotyping was repeated. Each genotype data set was imported into a FILEMAKER (FileMaker, Santa Clara, CA) database for comparison. The consensus data were screened for Mendelian inconsistencies in nuclear families. These results were used to identify pedigree errors (individuals in the wrong place), and then genotyping errors were checked manually. For each marker, LOKI identified likely Mendelian inconsistencies by using the whole pedigree, and the respective genotypes were deleted for that marker. Markers with observed Mendelian error rates of Ն2% were rescored or regenotyped to rule out a systematic allele-calling error. This method reduced the observed error rate for all but four of these markers, which were not used in analysis. To avoid the analyses taking an excessive amount of time, we broke pedigree loops by duplicating selected individuals.
Preliminary and Linkage Analyses. For details on preliminary and linkage analyses, see Supporting Methods, which is published as supporting information on the PNAS web site.
